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ENERGY TRANSFER CIRCUIT AND 
METHOD 

This application claims priority to U.S. Provisional Patent 
Application Ser. No. 61/053,369, filed May 15, 2008 entitled 
"Bi-directional Nominal Current, Variable Power, and/or 
Variable Voltage, Energy Transfer Circuit, the disclosure of 
which is expressly incorporated herein by reference. 

BACKGROUND AND SUMMARY 

The present invention generally relates to an apparatus and 
methodology for combining multiple electrical power storage 
and/or generation systems, henceforth also referred to as 
power units, so that a desired combination of cost and effec 
tiveness can be achieved by efficiently switching power into, 
out of, and/or around the power units to Supply power to a 
load. 

There is a growing need for the electrification of the trans 
portation industry, and to Supplement the electric powergen 
eration and distribution system (the electric utility grid) by 
storing energy at times when the grid has excess capacity, and 
releasing energy into the grid at times when generation and/or 
grid usage approaches maximum capacity. In addition, the 
cost and efficiency of storing and generating electrical power 
to run portable appliances has become increasingly impor 
tant. The system disclosed herein can provide an efficient and 
convenient methodology to combine multiple electrical 
power storage and/or generation systems (power units) so that 
a desired combination of cost and effectiveness can be 
achieved by efficiently switching power into, out of, and/or 
around the power units. 

In the transportation vehicle industry (including water 
craft) where electrical power is used, there are internal com 
bustion engine hybrids, fuel cell hybrids, and battery electric 
vehicles. In the portable appliance industry, manufacturers of 
portable media appliances such as mobile computers, tele 
communication devices, and other entertainment devices are 
constantly searching for an optimum mix of cost and perfor 
mance in their electrical power systems. As new and different 
power storage and generation methodologies evolve, there 
may be additional modes of power for these transportation 
vehicles and portable appliances. The system disclosed 
herein can assist in finding a desired mix of existing and 
future energy generation and/or storage units for these indus 
tries as well as other industries facing energy generation 
and/or storage issues. 
The utility industry is constantly searching for more effi 

cient ways to store energy in times of excess capacity and to 
release energy to Supplement generation at times of peak 
demand. In the process, various additional peak time genera 
tion units are brought online and energy storage units are 
discharged. The system disclosed herein can assist in com 
bining a desired mix of energy generation and/or storage units 
for the utility industry and to provide backup power as well as 
Supplemental power 

Different power storage and power generating units have 
different cost and performance characteristics. These charac 
teristics include, but are not limited to: 

Financial cost: the cost per unit of energy stored or gener 
ated; 

Energy density: the weight and volume of the module 
versus the amount of energy stored/delivered; 

Energy efficiency: the rate of storage and discharge of 
energy, and/or the efficiency (minimal energy loss) in 
storage and discharge of energy; 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
Cycle Life: the useful life of the module (charge, discharge 

and/or energy generation life), and the stability of chem 
istry and/or structure; 

Safety: the thermal stability, chemical inertness, energy 
and/or chemical containment in the event of breach of 
containment; and 

Environmental operating range: the temperature, humidity, 
vibration, corrosive resistance, etc. 

The system disclosed herein can be used in developing a 
combination of power generation and/or storage units that 
balances these characteristics while meeting desired objec 
tives. 
The energy transfer circuit can connect a load to multiple 

energy sources. The energy transfer circuit includes a load 
connection for connecting the load to the energy transfer 
circuit; a first Source connection for connecting a first energy 
Source having a first Voltage to the energy transfer circuit; a 
second source connection for connecting a second energy 
Source having a second Voltage to the energy transfer circuit; 
and a control unit for receiving communications regarding the 
load, the first energy source and the second energy source. 
The first Voltage of the first energy source can be the same as 
or different from the second voltage of the second energy 
Source. The energy transfer circuit transfers energy from at 
least one of the first energy source and the second energy 
source to the load when the control unit receives a power 
demand from the load, transfers energy from the load to at 
least one of the first energy source and the second energy 
Source when the control unit receives a charging current from 
the load; and transfers energy from either of the first and 
second energy sources to the other of the first and second 
energy sources when the control unit determines an energy 
transfer is necessary. The control unit can also respond to a 
highpower demand from the load, by controlling the energy 
transfer circuit to simultaneously transfer power from both 
the first and second energy sources to the load. 
The energy transfer circuit can connect a load to a primary 

energy source having a first Voltage and a secondary energy 
Source having a second Voltage. The energy transfer circuit 
can includes a first capacitor connected in parallel with the 
primary energy source and connected in parallel with the 
load; a second capacitor connected in parallel with the sec 
ondary energy source; an inductor, a first Switch between the 
inductor and the first capacitor; a second switch between the 
inductor and the second capacitor, and a control unit receiv 
ing communications regarding the load, the primary Source 
and the secondary Source. The control unit controls the open 
ing and closing of the first Switch and the second Switch in 
response to the communications. The energy transfer circuit 
enables the primary energy source and the secondary energy 
Source to have different Voltages. The energy transfer circuit 
also enables the load to draw power from either or both of the 
primary and secondary sources. The energy transfer circuit 
also enables the load to charge either or both of the primary 
and secondary sources. The energy transfer circuit also 
enables either of the primary and secondary Sources to charge 
the other of the primary and secondary sources. Either of the 
first and second Switches can be a unidirectionally protected 
switch. 
The energy transfer circuit can also include a first diode in 

parallel with the first switch, where the first diode is biased to 
conduct current from the inductor towards the first capacitor. 
The energy transfer circuit can also have a second diode in 
parallel with the second switch, where the second diode is 
biased to conduct current from the inductor towards the sec 
ond capacitor. The energy transfer circuit can also include a 
third Switch between the primary energy source and the load. 
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The energy transfer circuit can also include a first sensor 
coupled to the primary energy source that transmits commu 
nications to the control unit regarding the status of the pri 
mary energy source. The energy transfer circuit can also 
include a second sensor coupled to the secondary energy 
Source that transmits communications to the control unit 
regarding status of the secondary energy source. The control 
unit can also determine the state of charge of the primary and 
secondary energy sources, and can control the transfer of 
energy between the primary and secondary energy sources 
using the first and second Switches. 

The control unit can receive power demands from the load, 
and control the first and second Switches to transfer energy 
from at least one of the primary and secondary energy sources 
to the load. The control unit can receive charging currents 
from the load, and control the first and second switches to 
transfer energy from the load to at least one of the primary and 
secondary energy sources. 
A method for transferring energy to and from a load is also 

disclosed. The method makes use of an energy transfer circuit 
that includes a first capacitor, a second capacitor, an inductor, 
a first switch between the inductor and the first capacitor, a 
second Switch between the inductor and the second capacitor, 
and a control unit. The method includes connecting the load 
in parallel with the first capacitor of the energy transfer cir 
cuit; connecting a primary energy source having a first volt 
age in parallel with the first capacitor of the energy transfer 
circuit; and connecting a secondary energy source having a 
second Voltage in parallel with the second capacitor of the 
energy transfer circuit. The method further includes commu 
nicating status information from the primary energy source to 
the control unit; communicating status information from the 
secondary energy source to the control unit; and communi 
cating energy requests from the load to the control unit. The 
method also includes controlling the opening and closing of 
the first Switch and the second Switch using the control unit; 
responding to charging currents from the load; responding to 
power demands from the load; responding to energy requests 
for the primary energy source and the secondary energy 
Source; and keeping the first Switch and the second Switch 
open unless responding to the charging currents, power 
demands or energy requests from the load, the primary energy 
Source or the secondary energy source. 

Responding to charging currents from the load can include 
determining whether either of the primary or secondary 
energy sources has a charge priority; charging the primary 
energy source when the primary energy source has the highest 
charge priority; charging the secondary energy source when 
the secondary energy source has the highest charge priority; 
running a trickle charge routine when neither of the primary 
energy source or the secondary energy source has the charge 
priority; and discontinuing the response to the charging cur 
rent from the load when the charging current ceases or after a 
limited time. 

Charging the primary energy source can include keeping 
the first and second Switches open to charge the primary 
energy source with power from the load. 
The energy transfer circuit can also include a second diode 

connected in parallel with the second switch, where the sec 
ond diode is biased to conduct current from the inductor 
towards the second capacitor. The charging of the secondary 
energy source can include closing the first Switch and keeping 
the second Switch open to charge the inductor with power 
from the load; then opening the first Switch and discharging 
the inductor through the second diode to charge the secondary 
energy source; then repeating these steps at a desired fre 
quency to charge the secondary energy source. Charging of 
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4 
the secondary energy source can also include closing the 
second Switch after opening the first Switch and discharging 
the inductor through the second Switch to charge the second 
ary energy source; and then opening the second Switch and 
continuing to discharge the inductor through the second diode 
to charge the secondary energy source. 

Responding to power demands from the load can include 
determining whether the power demand is a multiple source 
power demand or a single source power demand; executing a 
highpower routine when the power demand is the multiple 
Source power demand; and executing a single unit power 
routine when the power demand is the single source power 
demand. 

Executing a highpower routine can include determining 
whether the primary energy source is in a primary highload 
operating range; determining whether the secondary energy 
Source is in a secondary highload operating range; transfer 
ring power from both the primary and secondary energy 
Sources to the load when the primary energy source is in the 
primary highload operating range and the secondary energy 
Source is in the secondary highload operating range; moni 
toring the state of charge of the primary and secondary energy 
Sources; discontinuing the highpower routine when the pri 
mary energy source goes outside the primary highload oper 
ating range; discontinuing the highpower routine when the 
secondary energy source goes outside the secondary highload 
operating range; discontinuing the highpower routine when 
the power demand ceases; and discontinuing the highpower 
routine after a limited time. 
The energy transfer circuit can also include a first diode in 

parallel with the first switch and a second diode in parallel 
with the second switch, where the first diode is biased to 
conduct current from the inductor towards the first capacitor, 
and the second diode is biased to conduct current from the 
inductor towards the second capacitor. In this case, transfer 
ring power from both the primary and secondary energy 
Sources to the load can include providing power to the load 
from the primary energy source regardless of the positions of 
the first and second Switches; closing the second Switch and 
keeping the first Switch open to charge the inductor with 
power from the secondary energy source; opening the second 
Switch and discharging the inductor through the first diode to 
charge the load; closing the first Switch after opening the 
second Switch and discharging the inductor through the first 
Switch to charge the load; opening the first Switch and con 
tinuing to discharge the inductor through the first diode to 
charge the load; and repeating these four steps at a desired 
frequency to charge the load. 

Executing a single unit power routine can include deter 
mining an operating condition of the primary energy source: 
determining an operating condition of the secondary energy 
Source: transferring power from the primary energy source to 
the load when the primary energy source is inas good or better 
operating condition than the secondary energy source; trans 
ferring power from the secondary energy source to the load 
when the secondary energy source is in better operating con 
dition than the primary energy source; discontinuing the 
single unit power routine when the power demand ceases or 
after a limited time. 
The energy transfer circuit can also include a first diode in 

parallel with the first switch and a second diode in parallel 
with the second switch, where the first diode is biased to 
conduct current from the inductor towards the first capacitor, 
and the second diode is biased to conduct current from the 
inductor towards the second capacitor. In this case, transfer 
ring power from the secondary energy source to the load can 
include closing the second Switch and keeping the first Switch 
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transfer from a source to power units on the bus would likely 
be in the form of charging an energy storage device Such as a 
battery or capacitor. The load and source can be the same unit, 
for example a motor with regeneration capabilities. 

Various electrical energy generation and storage units pos 
sess different energy performance and cost profiles. With 
multiple cost and performance profiles, a trade-off between 
multiple combinations of power units could be made for a 
specific task. In addition, as new and improved energy storage 
and generation systems are developed, new combinations can 
be incorporated to perform the required task. 

FIG. 1 is a schematic illustrating an embodiment of the 
present invention which comprises an energy transfer circuit 
10 using a dual battery chemistry. The circuit includes a first 
Switch Q1, a second Switch Q2, a first capacitor C1, a second 
capacitor C2, an inductor L1, a control unit 12, and an isola 
tion switch 14. In the preferred embodiment, the switches Q1 
and Q2 are unidirectional protected Switches; that include an 
insulated-gate bipolar transistor (IGBT) with a diode, D1 and 
D2, respectively. The use of diodes to add protection to the 
circuitry provides an added margin of safety, but is not 
required. When the switches Q1 and Q2 are unprotected, the 
system relies solely on proper control of the switches to 
maintain proper directional current flow. 
A primary source 20 can be connected in parallel with the 

capacitor C1, and a secondary Source 22 can be connected in 
parallel with the capacitor C2. The primary and secondary 
sources 20, 22 are shown to have dotted connections to rep 
resent the ability to remove either source and replace it with a 
new and/or different storage or power generation technology. 
In an alternative embodiment, a switch could be added 
between source 20 and the Bus to remove the primary unit 
from the circuit. Removal from the circuit may be desired due 
to a unit malfunction or for any other reason Such as the desire 
to isolate the unit from bus current fluctuations. The capaci 
tors C1 and C2 are included to handle the inrush or required 
Sourced Surge of current during the Switching events of either 
Q1 or Q2 (depending on the flow of energy). A load and/or 
source 26 can be connected in parallel with the primary 
source 20. In this embodiment, an electric motor is capable of 
operating both as a load in propulsion mode and as a source in 
regeneration mode. In an alternative embodiment, a charger 
could be added in parallel to the load. 
The control unit 12 includes a communication input that 

can be used to monitor power requests and demands, monitor 
the status of the power sources and manage recharging of the 
power sources. Inputs can include, but are not limited to, 
Voltage, current, and temperature. This information can be 
used to determine source and load availability, calculate State 
of Charge (SOC) of an energy storage device, power potential 
of an energy device Such as a fuel cell or Solar panel, and to 
determine which operating range and/or mode of operation is 
to be executed. The control unit 12 controls the opening and 
closing of the Switches Q1 and Q2 depending on the external 
demands from the load and/or source 26 and the status of the 
system 10 and the power sources 20, 22. FIG. 8 provides a 
table of potential Switch positions appropriate for various 
uses of the embodiment shown in FIG.1. 

Under normal conditions, the primary source 20 powers 
the load 26. In this mode of operation, both switches Q1 and 
Q2 are open. However, when desired, the secondary source 22 
can be utilized to power the load 26 or recharge the primary 
power source 20 by closing Switch Q2 and allowing the cur 
rent to rise within the inductor L1. Once the current reaches 
either the desired peak or saturation of the inductor L1, the 
switch Q2 is opened and the switch Q1 is closed allowing the 
current to flow into the main bus and either power the load 26 
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8 
or charge the primary source 20, whichever is desired. Since 
the primary source 20 is not connected in parallel with the 
secondary Source 22, the Voltage of the primary source 20 
does not have to be equal to the Voltage of the secondary 
source 22. The control unit 12 can control the flow of energy 
as desired by the user; this is facilitated by the circuit design 
and the implementation of software which controls the 
Switches Q1 and Q2 to open and close as desired. 
To charge the secondary Source 22 the opposite sequence 

of events is utilized to move energy from the main Bus. First 
switch Q1 is closed allowing the current flow to rise within the 
inductor L1. Once the current reaches either the desired peak 
or saturation of the inductor L1, the switch Q1 is opened and 
the switch Q2 is closed, allowing the current to flow from the 
inductor L1 into the secondary source 22 to charge the sec 
ondary source 22. 

This embodiment enables power to be drawn from the two 
power units 20, 22 and recharging to be applied to the same 
two power units 20, 22. The following describes how this is 
done using the Switch positions and sequencing for specific 
power transfer scenarios shown in FIG.8. 
The first switch sequence of FIG. 8 is for driving the load 

26 with power from the primary source 20. As described 
above, this function is implemented by opening both Switches 
Q1 and Q2. In this state, the primary source 20 provides 
power to the load 26. 
The second switch sequence of FIG. 8 is for driving the 

load 26 with power from the secondary source 22. This func 
tion can be implemented using the following four step pro 
cess. In Step 1, the second Switch Q2 closes to charge inductor 
L1 to the desired level. In Step 2, the second switch Q2 opens 
and inductor L1 discharges to the load 26 via the first diode 
D1 across the first switch Q1. In Step 3, the first switch Q1 
closes to facilitate discharge of inductor L1 to the load 26. In 
Step 4, the first switch Q1 opens as inductor L1 continues to 
discharge via the first diode D1. Steps 1 through 4 are 
repeated at a desired frequency to maintain both a stable 
current and comfortable sound frequency range. This 
sequence of Switch openings/closings provides power to the 
load 26 from the secondary source 22. 
The third switch sequence of FIG. 8 is for providing power 

to the load 26 from both the primary unit 20 and the secondary 
unit 22, referred to as high-power mode. This function can be 
implemented using the following four step process. In Step 1. 
the primary source 20 provides power to the load 26 while the 
second switch Q2 closes to charge inductor L1 from the 
secondary source 22. In Step 2, the second Switch Q2 opens 
and inductor L1 discharges to the Bus/load 26 via the first 
diode D1. In Step 3, the first switch Q1 closes to facilitate 
discharge of inductor L1 to the Bus/load 26. In Step 4, the first 
Switch Q1 opens as inductor L1 continues to discharge via the 
first diode D1. During Steps 1 though 4, the primary source 20 
continues to provide power to the load 26. Steps 1 through 4 
are repeated at a desired frequency to maintain both a stable 
current and comfortable sound frequency range. This 
sequence of Switch openings/closings provides power to the 
load 26 from both the primary unit 20 and the secondary unit 
22. 
The fourth switch sequence of FIG. 8 is for charging the 

primary unit 20 with power from the source 26. For this 
function, both of the switches Q1 and Q2 remain open while 
charge is provided to the primary unit 20 from the source 26. 
The fifth switch sequence of FIG. 8 is for charging the 

secondary unit 22 with power from the source 26. This func 
tion can be implemented using the following four step pro 
cess. In Step 1, the first switch Q1 closes to charge inductor L1 
to the desired level. In Step 2, the first switch Q1 opens and 



US 8,076,797 B2 

inductor L1 charges the secondary unit 22 via the second 
diode D2. In Step 3, the second switch Q2 closes to facilitate 
discharge of inductor L1 to charge the secondary unit 22. In 
Step 4, the second Switch Q2 opens and inductor L1 continues 
to discharge via the second diode D2 across the second Switch 
Q2 and charge the secondary unit 22. Steps 1 through 4 are 
repeated at a desired frequency for charging the secondary 
unit 22. This sequence of Switch openings/closings charges 
the secondary unit 22 with power from the source 26. 

The sixth switch sequence of FIG. 8 is for charging both the 
primary unit 20 and the secondary unit 22 with power from 
the Source 26. This function can be implemented using the 
following four step process. In Step 1, charge is applied to the 
primary unit 20 as the first switch Q1 closes to charge induc 
tor L1 to the desired level. In Step 2, the first switch Q1 opens 
and inductor L1 charges the secondary unit 22 via the second 
diode D2 while the Bus/source 26 continues to provide charge 
to the primary unit 20. In Step 3, the second switch Q2 closes 
to facilitate discharge of inductor L1 to charge the secondary 
unit 22. At Step 4, the second switch Q2 opens as inductor L1 
continues to discharge via the second diode D2 while the 
secondary unit 22 continues to charge. During Steps 1 
through 4, the Bus/source 26 continues to provide charge to 
the primary unit 20. Steps 1 through 4 are repeated at a desired 
frequency for the units being charged. This sequence of 
Switch openings/closings charges both the primary unit 20 
and the secondary unit 22 with power from the Bus/source 26. 
The seventh switch sequence of FIG. 8 is for charging the 

primary unit 20 from the secondary unit 22. This function can 
be implemented using the following four step process. In Step 
1, the second Switch Q2 closes as the secondary unit 22 
charges inductor L1. In Step 2, the second Switch Q2 opens 
and inductor L1 discharges to the primary unit 20 through the 
first diode D1. In Step 3, the first switch Q1 closes to facilitate 
the discharge of inductor L1 into the primary unit 20. In Step 
4, the first switch Q1 opens as inductor L1 continues to 
discharge to the primary unit 20 through the first diode D1. 
Steps 1 through 4 are repeated as long as charge is desired and 
at a frequency desirable for the unit. This sequence of Switch 
openings/closings charges the primary unit 20 from the sec 
ondary unit 22. 
The eighth switch sequence of FIG. 8 is for charging the 

secondary source 22 from the primary unit 20. This function 
can be implemented using the following four step process. In 
Step 1, the first switch Q1 closes to charge inductor L1 from 
the primary unit 20. In Step 2, when inductor L1 reaches a 
predetermined level, the first switch Q1 opens and inductor 
L1 discharges through the second diode D2 to charge the 
secondary unit 22. In Step 3, the second switch Q2 closes to 
facilitate the current flow to charge the secondary unit 22. In 
Step 4, the second Switch Q2 opens and inductor L1 continues 
to discharge through the second diode D2 to charge the sec 
ondary unit 22. Steps 1 through 4 are repeated as long as 
charge is desired and at a frequency desirable for the unit. 
This sequence of Switch openings/closings charges the sec 
ondary unit 22 from the primary unit 20. 

FIG. 2 is a schematic illustrating an alternative embodi 
ment of the present invention using three power Sources: a 
primary Source 20, a secondary source 22, and a tertiary 
Source 24, connected to a source/load 26. The same element 
references are used in FIG. 2 for elements corresponding to 
elements in FIG. 1. The embodiment of FIG. 2 comprises 
three capacitors C1, C2, and C3; four switches Q1, Q2, Q3 
and Q4; and two inductors L1 and L2. Each of the three 
capacitors C1, C2, and C3 are arranged in parallel with the 
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10 
three power sources 20, 22 and 24, respectively. A control unit 
12 controls the opening and closing of the four Switches Q1, 
Q2. Q3 and Q4. 
The embodiment illustrated in FIG. 2 enables power to be 

drawn from the three power units 20, 22, 24 and recharging to 
be applied to the same three power units 20, 22, 24. The 
following describes how this is done using the Switch posi 
tions and sequencing for specific power transfer scenarios 
shown in FIGS. 13A and 13B. 
The first switch sequence of FIG. 13 is for driving the load 

26 with power from the primary source 20. This function is 
implemented by opening all four of the switches Q1, Q2, Q3 
and Q4. In this state, the primary source 20 provides power to 
the load 26. 
The second switch sequence of FIG. 13 is for driving the 

load 26 with power from the secondary source 22. This func 
tion can be implemented using the following four step pro 
cess. In Step 1, the second Switch Q2 closes to charge inductor 
L1 to the desired level. In Step 2, the second switch Q2 opens 
and inductor L1 discharges to the load 26 via the first diode 
D1 across the first switch Q1. In Step 3, the first switch Q1 
closes to facilitate discharge of inductor L1 to the load 26. In 
Step 4, the first switch Q1 opens and inductor L1 continues to 
discharge via the first diode D1. Steps 1 through 4 are 
repeated at a desired frequency to maintain both a stable 
current and comfortable frequency range. This sequence of 
Switch openings/closings provides power to the load 26 from 
the secondary source 22. 
The third switch sequence of FIG. 13 is for providing 

power to the load 26 from both the primary source 20 and the 
secondary Source 22. This function can be implemented using 
the following four step process. In Step 1, the primary source 
20 provides power to the load 26 while the second switch Q2 
closes to charge inductor L1 from the secondary source 22. In 
Step 2, the second switch Q2 opens and inductor L1 dis 
charges to the Bus/load 26 via the first diode D1. In Step 3, the 
first switch Q1 closes to facilitate discharge of inductor L1 to 
the Bus/load 26. In Step 4, the first switch Q1 opens as 
inductor L1 continues to discharge via the first diode D1. 
During Steps 1 through 4, the primary Source 20 continues to 
provide power to the load 26. Steps 1 through 4 are repeated 
at a desired frequency to maintain both a stable current and 
comfortable Sound frequency range. This sequence of Switch 
openings/closings provides power to the load 26 from both 
the primary unit 20 and the secondary unit 22. 
The fourth switch sequence of FIG. 13 is for driving the 

load 26 with power from the tertiary source 24. This function 
can be implemented using the following four step process. In 
Step 1, the fourth switch Q4 closes to charge inductor L2 to 
the desired level. In Step 2, the fourth switch Q4 opens and 
inductor L2 discharges to the load 26 via the third diode D3 
across the third switch Q3. In Step 3, the third switch Q3 
closes to facilitate discharge of inductor L2 to the load 26. In 
Step 4, the third switch Q3 opens and inductor L2 continues 
to discharge via the third diode D3. Steps 1 through 4 are 
repeated at a desired frequency to maintain both a stable 
current and comfortable frequency range. This sequence of 
Switch openings/closings provides power to the load 26 from 
the tertiary source 24. 
The fifth switch sequence of FIG. 13 is for providing power 

to the load 26 from both the primary source 20 and tertiary 
Source 24. This function can be implemented using the fol 
lowing four step process. In Step 1, the primary source 20 
provides power to the load 26 while the fourth switch Q4 
closes to charge inductor L2 from the tertiary Source 24. In 
Step 2, the fourth switch Q4 opens and inductor L2 discharges 
to the Bus/load 26 via the third diode D3. In Step 3, the third 
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switch Q3 closes to facilitate discharge of inductor L2 to the 
Bus/load 26. In Step 4, the third switch Q3 opens as inductor 
L2 continues to discharge via the third diode D3. During 
Steps 1 through 4, the primary source 20 continues to provide 
power to the Bus/load 26. Steps 1 through 4 are repeated at a 
desired frequency to maintain both a stable current and com 
fortable sound frequency range. This sequence of Switch 
openings/closings provides power to the load 26 from both 
the primary unit 20 and the tertiary source 24. 

The sixth switch sequence of FIG. 13 is for providing 
power to the load 26 from both the secondary source 22 and 
tertiary Source 24. This function can be implemented using 
the following four step process. In Step 1, the second switch 
Q2 closes to charge inductor L1 from the secondary Source 
22, and the fourth switch Q4 closes to charge inductor L2 
from the tertiary source 24. In Step 2, second switch Q2 opens 
and inductor L1 discharges to the Bus/load 26 via the first 
diode D1, also the fourth switch Q4 opens and inductor L2 
discharges to the Bus/load 26 via the third diode D3. In Step 
3, the first switch Q1 closes to facilitate discharge of inductor 
L1 to the Bus/load 26, and the third switch Q3 closes to 
facilitate discharge of inductor L2 to the Bus/load 26. In Step 
4, the first switch Q1 opens as inductor L1 continues to 
discharge via the first diode D1, and the third switch Q3 opens 
as inductor L2 continues to discharge via the third diode D3. 
Steps 1 through 4 are repeated at a desired frequency to 
maintain both a stable current and comfortable sound fre 
quency range. This sequence of Switch openings/closings 
provides power to the load 26 from both the secondary unit 22 
and the tertiary source 24. 
The seventh switch sequence of FIG. 13 is for providing 

power to the load 26 from all three of the primary source 20, 
the secondary source 22 and the tertiary source 24. This 
function can be implemented using the following four step 
process. In Step 1, the primary source 20 provides power to 
the load 26 while the second switch Q2 closes to charge 
inductor L1 from the secondary source 22, and the fourth 
switch Q4 closes to charge inductor L2 from the tertiary 
Source 24. In Step 2, the second Switch Q2 opens and inductor 
L1 discharges to the Bus/load 26 via the first diode D1, also 
the fourth switch Q4 opens and inductor L2 discharges to the 
Bus/load 26 via the third diode D3. In Step 3, the first switch 
Q1 closes to facilitate discharge of inductor L1 to the Bus/ 
load 26, and the third switch Q3 closes to facilitate discharge 
of inductor L2 to the Bus/load 26. In Step 4, the first switch Q1 
opens as inductor L1 continues to discharge via the first diode 
D1, and the third switch Q3 opens as inductor L2 continues to 
discharge via the third diode D3. During Steps 1 through 4, 
the primary source 20 continues to provide power to the 
Bus/load 26. Steps 1 through 4 are repeated at a desired 
frequency to maintain both a stable current and comfortable 
Sound frequency range. This sequence of Switch openings/ 
closings provides power to the load 26 from all three power 
sources 20, 22 and 24. 
The eighth switch sequence of FIG. 13 is for charging the 

primary unit 20 with power from the source 26. For this 
function, all of the switches Q1, Q2. Q3 and Q4 remain open 
while charge is provided to the primary unit 20 from the 
source 26. 
The ninth switch sequence of FIG. 13 is for charging the 

secondary unit 22 with power from the source 26. This func 
tion can be implemented using the following four step pro 
cess. In Step 1, the first switch Q1 closes to charge inductor L1 
to the desired level. In Step 2, the first switch Q1 opens and 
inductor L1 charges the secondary unit 22 via the second 
diode D2. In Step 3, the second switch Q2 closes to facilitate 
discharge of inductor L1 to charge the secondary unit 22. In 
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Step 4, the second Switch Q2 opens and inductor L1 continues 
to discharge via the second diode D2 across the second Switch 
Q2 and charge the secondary unit 22. Steps 1 through 4 are 
repeated at a desired frequency for charging the secondary 
unit 22. This sequence of Switch openings/closings charges 
the secondary unit 22 with power from the source 26. 
The tenth switch sequence of FIG. 13 is for charging both 

the primary unit 20 and the secondary unit 22 with power 
from the source 26. This function can be implemented using 
the following four step process. In Step 1, charge is applied to 
the primary unit 20 as the first switch Q1 closes to charge 
inductor L1 to the desired level. In Step 2, the first switch Q1 
opens and inductor L1 charges the secondary unit 22 via the 
second diode D2 while the Bus/source 26 continues to pro 
vide charge to the primary unit 20. In Step 3, the second 
switch Q2 closes to facilitate discharge of inductor L1 to 
charge the secondary unit 22. At Step 4, the second Switch Q2 
opens as inductor L1 continues to discharge via the second 
diode D2 and charge the secondary unit 22. During Steps 1 
through 4, the Bus/source 26 continues to provide charge to 
the primary unit 20. Steps 1 through 4 are repeated at a desired 
frequency for the units being charged. This sequence of 
Switch openings/closings charges both the primary unit 20 
and the secondary unit 22 with power from the Bus/source 26. 
The eleventh switch sequence of FIG. 13 is for charging the 

tertiary unit 24 with power from the source 26. This function 
can be implemented using the following four step process. In 
Step 1, the third switch Q3 closes to charge inductor L2 to the 
desired level. In Step 2, the third switch Q3 opens and induc 
tor L2 charges the tertiary unit 24 via the fourth diode D4 
across the fourth switch Q4. In Step 3, the fourth switch Q4 
closes to facilitate discharge of inductor L2 to charge the 
tertiary unit 24. In Step 4, the fourth switch Q4 opens and 
inductor L2 continues to discharge via the fourth diode D4 to 
charge the tertiary unit 24. Steps 1 through 4 are repeated at a 
desired frequency for charging the tertiary unit 24. This 
sequence of Switch openings/closings charges the tertiary 
unit 24 with power from the source 26. 
The twelfth switch sequence of FIG. 13 is for charging both 

the primary unit 20 and the tertiary unit 24 with power from 
the Source 26. This function can be implemented using the 
following four step process. In Step 1, charge is applied to the 
primary unit 20 as the third switch Q3 closes to charge induc 
tor L2 to the desired level. In Step 2, the third switch Q3 opens 
and inductor L2 charges the tertiary unit 24 via the fourth 
diode D4, while the Bus/source 26 continues to provide 
charge to the primary unit 20. In Step 3, the fourth switch Q4 
closes to facilitate discharge of inductor L2 to charge the 
tertiary unit 24. At Step 4, the fourth switch Q4 opens as 
inductor L2 continues to discharge via the fourth diode D4 
and charge the tertiary unit 24. During Steps 1 through 4, the 
Bus/source 26 continues to provide charge to the primary unit 
20. Steps 1 through 4 are repeated at a desired frequency for 
the units being charged. This sequence of Switch openings/ 
closings charges both the primary unit 20 and the tertiary unit 
24 with power from the Bus/source 26. 
The thirteenth switch sequence of FIG. 13 is for charging 

both the secondary unit 22 and the tertiary unit 24 with power 
from the source 26. This function can be implemented using 
the following four step process. In Step 1, the first switch Q1 
closes to charge inductor L1 to the desired level, and the third 
switch Q3 closes to charge inductor L2 to the desired level. In 
Step 2, the first switch Q1 opens and inductor L1 charges the 
secondary unit 22 via the second diode D2, and also the third 
switch Q3 opens and inductor L2 charges the tertiary unit 24 
via the fourth diode D4. In Step 3, the second switch Q2 
closes to facilitate discharge of inductor L1 to charge the 



US 8,076,797 B2 
13 

secondary unit 22, and the fourth switch Q4 closes to facili 
tate discharge of inductor L2 to charge the tertiary unit 24. At 
Step 4, the second Switch Q2 opens as inductor L1 continues 
to discharge via the second diode D2 and charge the second 
ary unit 22, and the fourth switch Q4 opens as inductor L2 
continues to discharge via the fourth diode D4 and charge the 
tertiary unit 24. Steps 1 through 4 are repeated at a desired 
frequency for the units being charged. This sequence of 
Switch openings/closings charges both the secondary unit 22 
and the tertiary unit 24 with power from the Bus/source 26. 
The fourteenth switch sequence of FIG. 13 is for charging 

the primary unit 20, the secondary unit 22 and the tertiary unit 
24 with power from the source 26. This function can be 
implemented using the following four step process. In Step 1. 
charge is applied to the primary unit 20 as the first switch Q1 
closes to charge inductor L1 to the desired level, and the third 
switch Q3 closes to charge inductor L2 to the desired level. In 
Step 2, the first switch Q1 opens and inductor L1 charges the 
secondary unit 22 via the second diode D2, and also the third 
switch Q3 opens and inductor L2 charges the tertiary unit 24 
via the fourth diode D4, while the Bus/source 26 continues to 
provide charge to the primary unit 20. In Step 3, the second 
switch Q2 closes to facilitate discharge of inductor L1 to 
charge the secondary unit 22, and the fourth Switch Q4 closes 
to facilitate discharge of inductor L2 to charge the tertiary unit 
24. At Step 4, the second switch Q2 opens as inductor L1 
continues to discharge via the second diode D2 and charge the 
secondary unit 22, and the fourth Switch Q4 opens as inductor 
L2 continues to discharge via the fourth diode D4 and charge 
the tertiary unit 24. During Steps 1 through 4, the Bus/source 
26 continues to provide charge to the primary unit 20. Steps 1 
through 4 are repeated at a desired frequency for the units 
being charged. This sequence of Switch openings/closings 
charges the primary unit 20, the secondary unit 22 and the 
tertiary unit 24 with power from the Bus/source 26. 

The fifteenth switch sequence of FIG. 13 is for using the 
primary unit 20 to charge the secondary unit 22. This function 
can be implemented using the following four step process. In 
Step 1, the first switch Q1 closes to charge inductor L1 from 
the primary unit 20. In Step 2, when inductor L1 reaches a 
predetermined level, the first switch Q1 opens and inductor 
L1 discharges through the second diode D2 to charge the 
secondary unit 22. In Step 3, the second switch Q2 closes to 
facilitate the current flow to charge the secondary unit 22. In 
Step 4, the second Switch Q2 opens and inductor L1 continues 
to discharge through the second diode D2 to charge the sec 
ondary unit 22. Steps 1 through 4 are repeated as long as 
charge is desired and at a frequency desirable for the unit. 
This sequence of Switch openings/closings charges the sec 
ondary unit 22 from the primary unit 20. 
The sixteenth switch sequence of FIG. 13 is for using the 

secondary unit 22 to charge the primary unit 20. This function 
can be implemented using the following four step process. In 
Step 1, the second switch Q2 closes and the secondary unit 22 
charges inductor L1. In Step 2, the second Switch Q2 opens 
and inductor L1 discharges to the primary unit 20 through the 
first diode D1. In Step 3, the first switch Q1 closes to facilitate 
the discharge of inductor L1 into the primary unit 20. In Step 
4, the first switch Q1 opens as inductor L1 continues to 
discharge to the primary unit 20 through the first diode D1. 
Steps 1 through 4 are repeated as long as charge is desired and 
at a frequency desirable for the unit. This sequence of Switch 
openings/closings charges the primary unit 20 from the sec 
ondary unit 22. 
The seventeenth switch sequence of FIG. 13 is for using the 

primary unit 20 to charge the tertiary unit 24. This function 
can be implemented using the following four step process. In 
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Step 1, the third switch Q3 closes to charge inductor L2 from 
the primary unit 20. In Step 2, when inductor L2 reaches a 
predetermined level, the third switch Q3 opens and inductor 
L2 discharges through the fourth diode D4 to charge the 
tertiary unit 24. In Step 3, the fourth switch Q4 closes to 
facilitate the current flow from inductor L2 to charge the 
tertiary unit 24. In Step 4, the fourth switch Q4 opens and 
inductor L2 continues to discharge through the fourth diode 
D4 to charge the tertiary unit 24. Steps 1 through 4 are 
repeated as long as charge is desired and at a frequency 
desirable for the unit. This sequence of Switch openings/ 
closings charges the tertiary unit 24 from the primary unit 20. 
The eighteenth switch sequence of FIG. 13 is for using the 

secondary unit 22 to charge the tertiary unit 24. This function 
can be implemented using the following six step process. In 
Step 1, the second switch Q2 closes and the secondary unit 22 
charges inductor L1. In Step 2, the second Switch Q2 opens 
and the third switch Q3 closes and inductor L1 discharges to 
the inductor L2 through the first diode D1. In Step 3, the first 
switch Q1 closes to facilitate the discharge of inductor L1 into 
inductor L2. In Step 4, the first switch Q1 opens and inductor 
L1 continues to discharge through the first diode D1, and also 
the fourth switch Q4 closes to facilitate discharge of inductor 
L2 into the tertiary unit 24. In Step 5, the third switch Q3 
opens and inductor L2 continues to discharge to the tertiary 
unit 24. In Step 6, the fourth switch Q4 opens as inductor L2 
continues to discharge to the tertiary unit 24 through the 
fourth diode D4. Steps 1 through 6 are repeated as long as 
charge is desired and at a frequency desirable for the units. 
This sequence of Switch openings/closings charges the ter 
tiary unit 24 from the secondary unit 22. 
The nineteenth switch sequence of FIG. 13 is for using the 

tertiary unit 24 to charge the primary unit 20. This function 
can be implemented using the following four step process. In 
Step 1, the fourth switch Q4 closes and the tertiary unit 24 
charges inductor L1. In Step 2, the fourth switch Q4 opens 
and inductor L2 discharges to the primary unit 20 through the 
third diode D3. In Step 3, the third switch Q3 closes to 
facilitate the discharge of inductor L2 into the primary unit 
20. In Step 4, the third switch Q3 opens as inductor L2 
continues to discharge to the primary unit 20 through the third 
diode D3. Steps 1 through 4 are repeated as long as charge is 
desired and at a frequency desirable for the unit. This 
sequence of Switch openings/closings charges the primary 
unit 20 from the tertiary unit 24. 
The twentieth Switch sequence of FIG. 13 is for using the 

tertiary unit 24 to charge the secondary unit 22. This function 
can be implemented using the following six step process. In 
Step 1, the fourth switch Q4 closes and the tertiary unit 24 
charges inductor L2. In Step 2, the fourth switch Q4 opens 
and the first switch Q1 closes and inductor L2 discharges to 
inductor L1 through the third diode D3. In Step 3, the third 
switch Q3 closes to facilitate the discharge of inductor L2 into 
inductor L1. In Step 4, the third switch Q3 opens and inductor 
L2 continues to discharge through the third diode D3, and 
also the second Switch Q2 closes to facilitate discharge of 
inductor L1 into the secondary unit 22. In Step 5, the first 
Switch Q1 opens and inductor L1 continues to discharge to the 
secondary unit 22. In Step 6, the second Switch Q2 opens as 
inductor L1 continues to discharge to the secondary unit 22 
through the second diode D2. Steps 1 through 6 are repeated 
as long as charge is desired and at a frequency desirable for 
the units. This sequence of Switch openings/closings charges 
the secondary unit 22 from the tertiary unit 24. 

FIG.3 illustrates an exemplary flow diagram for the control 
circuit 12 for either a two power unit system as illustrated in 
FIG. 1 or a three power unit system as illustrated in FIG. 2. 
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The control unit 12 monitors power and charge requests and 
directs the opening and closing of the Switches of the system 
in accordance to the switch sequences in FIG. 8 or FIG. 13, 
and in accordance to a timing sequence adapted for each 
particular power unit or storage device used by the system. In 
the exemplary flow diagram illustrated in FIG. 3, the control 
unit 12 monitors power demands and requests; monitors the 
status of the available power units; and manages recharging of 
the available power units starting at block 28 which transfers 
control to block 30. 

At block 30, the control unit 12 determines if there is a 
request for a charge or for power, or if no operation is 
requested. If no operation is requested control is passed back 
to block 28 to continue the monitoring cycle. If an operation 
is requested, control is passed to block 32. 

At block 32, the control unit 12 checks whether there is 
charge request to charge the power sources 20, 22. If a charge 
is requested, then control is transferred to block 50 at the start 
of the charge routine (described below with reference to FIG. 
4) for a time periodt after which control is transferred back to 
block 28. If no charge is requested, then control is transferred 
to block 34. 

At block 34, the control unit 12 checks if power from 
multiple power units is requested, a highpower request, and if 
at least two power units are within the state-of-charge (SOC) 
range required for highpower operation. If highpower is 
requested and at least two power units are within the SOC 
range required for highpower operation, then control is trans 
ferred to block 100 at the start of the highpower routine 
(described below with reference to FIG. 6) for a time periodt 
after which control is transferred back to block 28. If there is 
not a highpower request, or there are not two power units 
within the SOC range required for highpower operation, con 
trol is transferred to block 36. 

At block 36, the control unit 12 checks to see if there has 
been a power request. If there has been a power request, 
control is transferred to block 150 at the start of the power 
routine (described below with reference to FIG. 7) for a time 
period t after which control is transferred back to block 28. If 
there has not been a power request, control is transferred back 
to block 28. 

FIG. 4 illustrates an exemplary flow diagram for the charge 
subroutine 50 that can be used by the control circuit 12 for a 
two power unit system, an embodiment of which is illustrated 
in FIG. 1 with an exemplary switch sequence illustrated in 
FIG. 8. Note that any number of priorities can be defined, 
based on the various power/storage unit characteristics avail 
able to the system. The charge subroutine illustrated in the 
exemplary flow diagram of FIG. 4 starts at block 52. 

At block 52, the control unit 12 checks whether the primary 
power source 20 is first priority for charging. If the primary 
power source 20 is first priority for charging, then control is 
transferred to block 70 where switch sequence 4 of FIG.8 can 
be used to charge the primary power source 20 while it is first 
priority for charging. After charging for a time period t as 
monitored by block 50, regardless of whether the primary 
power source 20 receives Sufficient charging, or when the 
primary power source 20 is no longer first priority for charg 
ing, control is transferred back to block 28 of FIG. 3. If the 
primary power source 20 is not a priority for charging, control 
is passed to block 54. 

At block 54, the control unit 12 checks whether the sec 
ondary power source 22 is first priority for charging. If the 
secondary power source 22 is first priority for charging, then 
control is transferred to block 72 where switch sequence 5 of 
FIG. 8 can be used to charge the secondary power source 22 
while it is first priority for charging. After charging for a time 
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period t as monitored by block 50, regardless of whether the 
secondary power source 22 receives Sufficient charging, or 
when the secondary power source 22 is no longer first priority 
for charging, control is passed to block 28 of FIG. 3. If the 
secondary power source 22 is not first priority for charging, 
control is transferred to block 56. 
At block 56, the control unit 12 checks whether the primary 

power source 20 is second priority for charging. If the primary 
power source 20 is second priority for charging, then control 
is transferred to block 76 where switch sequence 4 of FIG. 8 
can be used to charge the primary power source 20 while it is 
second priority for charging. When the primary power source 
20 is no longer second priority for charging, control is trans 
ferred back to block 28 of FIG. 3. After charging for a time 
period t as monitored by block 50, regardless of whether the 
primary power source 20 receives Sufficient charging, control 
is passed to block 28 of FIG.3. If the primary power source 20 
is not second priority for charging, then control is transferred 
to block 58. 
At block 58, the control unit 12 checks whether the sec 

ondary power source 22 is second priority for charging. If the 
secondary power Source 22 is second priority for charging, 
then control is transferred to block 78 where switch sequence 
5 of FIG. 8 can be used to charge the secondary power source 
22 while it is second priority for charging. When the second 
ary power source 22 is no longer second priority for charging, 
control is transferred back to block 28 of FIG. 3. After charg 
ing for a time period tas monitored by block 50, regardless of 
whether the secondary power source 22 receives sufficient 
charging, control is passed to block 28 of FIG. 3. If the 
secondary power source is not second priority for charging, 
then control is transferred to block 64 where the trickle charge 
routine (described below with reference to FIG.5) is executed 
after which control is transferred to block 28 of FIG. 3. 

Additional charging priorities and charging routines can be 
added to the exemplary control flow diagram in FIG. 4 
depending on the various power/storage unit characteristics 
available to the system. Also, additional power units can be 
added to the exemplary control flow diagram in FIG. 4 if they 
are available to the system. 

FIG. 5 illustrates an exemplary flow diagram for the trickle 
charge routine that can be used by the control circuit 12 for a 
two power unit system, Such as the embodiment illustrated in 
FIG. 1 with an exemplary switch sequence illustrated in FIG. 
8. The trickle charge routine illustrated in the exemplary flow 
diagram of FIG. 5 starts at block 80. 
A trickle charge is the description given to the method of 

maintaining a charge in a rechargeable device Such as a bat 
tery or capacitor. Most of these devices have a self discharge 
rate and must be recharged from time to time to maintain their 
charge. If the device is not capable of taking a charge, such as 
a fuel cell or photovoltaic device, the control unit would not 
charge that device at all. However, each rechargeable device 
would have a unique range of SOC near 100% determined to 
be optimal for long term performance, and the trickle charge 
would charge at a rate (including cycling on and offif desired) 
that would sustain the desired range for each power unit. The 
control unit 12 would include trickle charge routines that 
would alternate between switch sequence 4 and 5 in a two 
power source system if both power units were capable of 
taking a charge. 
At block 80, the control unit 12 checks whether the primary 

power source 20 has priority T indicating trickle charge. If the 
primary power source 20 does not have priority T, then con 
trol is transferred to block 82. If the primary power source 20 
has priority T, then control is transferred to block 90 where 
switch sequence 4 of FIG. 8 can be used to charge the primary 
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power source 20 for a predetermined time t. After the prede 
termined time t as monitored by block 50, control is trans 
ferred from block 90 to block 82. 

At block 82, the control unit 12 checks whether the sec 
ondary power Source 22 has priority T indicating trickle 
charge. If the secondary power source 22 does not have pri 
ority T, then control is transferred to block 28 of FIG.3. If the 
secondary power Source 22 has priority T, then control is 
transferred to block 92 where switch sequence 5 of FIG.8 can 
be used to charge the secondary power source 22 for a pre 
determined time t. After the predetermined time t as moni 
tored by block 50, control is transferred from block 92 to 
block 28 of FIG. 3. 

FIG. 6 shows an exemplary embodiment of a flow diagram 
for a highpower routine for a two power source system, Such 
as the embodiment illustrated in FIG. 1 with an exemplary 
switch sequence illustrated in FIG.8. The highpower routine 
of FIG. 6 starts at block 104. 
The highroad operating range is a range of SOC that is 

determined to be sufficient to Support a higher than normal 
power output that would likely drain power much more rap 
idly than might be desired for long term operation. For 
example, in an electric Vehicle, excess power might be desired 
for a short duration to accelerate at a faster rate than normal 
for a more sporting feel. As some might consider Such an 
excess power usage unnecessary, that excess power could be 
made available only if there was excess power available in the 
power units which would be identifiable by the highroad SOC 
range. If the power unit was near the lower limit of its SOC, it 
is unlikely that the unit would be made available for excess 
power. 
At block 104, the control unit 12 checks whether both the 

primary power source 20 and the secondary power source 22 
are within the highpower operating range. If both power 
Sources 20, 22 are within the highpower operating range, 
control is passed to block 112. If either of power sources 20, 
22 are not within the highpower operating range, control is 
passed to block 28 of FIG.3. 

At block 112, switch sequence 3 of FIG. 8 can be used to 
transfer power from both power sources 20, 22 to the load 26 
while both power units 20, 22 are within the highpower SOC, 
and the load data is within parameters, and for up to a prede 
termined time tas determined by block 100. After the high 
power request ends, or after the predetermined timet, or when 
either power source falls outside the highpower SOC, or when 
the load data falls outside parameters, control is passed to 
block 28 of FIG. 3. 

In some applications, there may be power usage levels that 
are detrimental to the load especially overextended periods of 
time. When these situations are applicable, time unitt can be 
used to cycle off the excess power. Alternatively, one or more 
of the units can be marked as outside of the highpower range 
for a period of rest time to cycle off the excess power. Also, the 
excess power can be cycled off when the control unit reports 
a detrimental temperature or other situation outside the sys 
tem's desired operating ranges. 

FIG. 7 shows an exemplary embodiment of a flow diagram 
for the power routine 150 that can be used by the control unit 
12 for a two power source system, such as the embodiment 
illustrated in FIG. 1 with an exemplary switch sequence illus 
trated in FIG.8. The power routine is called from FIG.3, and 
Starts at block 152 in FIG. 7. 
At block 152, the control unit 12 checks if the primary 

power source 20 is within range X1 and is operational. The 
range X1 is the desired range for the state of charge (SOC) of 
the primary power source 20. If the primary power source 20 
is within range X1 and is operational, then control is trans 
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18 
ferred to block 170 where switch sequence 1 of FIG.8 can be 
used to draw power from the primary power source 20 for 
time period tas determined by block 150, after which control 
is transferred back to block 28 of FIG. 3. If the primary power 
Source 20 is not within range X1 or is not operational, then 
control is transferred to block 154. 
At block 154, the control unit 12 checks if the secondary 

power source 22 is within range X2 and is operational. The 
range X2 is the desired range for the state of charge of the 
secondary power source 22. If the secondary power source 22 
is within range X2 and is operational, then control is trans 
ferred to block 172 where switch sequence 2 of FIG. 8 can be 
used to draw power from the secondary power source 22 for 
time period tas determined by block 150, after which control 
is transferred back to block 28 of FIG. 3. If the secondary 
power source 22 is not within range X2 or is not operational, 
then control is transferred to block 158. 
At block 158, the control unit 12 checks if the primary 

power source 20 is within range Y1 and is operational. The 
range Y1 is a broader acceptable range for the state of charge 
of the primary power source 20. If the primary power source 
20 is within range Y1 and is operational, then control is 
transferred to block 176 where switch sequence 1 of FIG. 8 
can be used to draw power from the primary power source 20 
for time period t as determined by block 150, after which 
control is transferred back to block 28 of FIG. 3. If the pri 
mary power source is not within range Y1 or is not opera 
tional, then control is transferred to block 160. 
At block 160, the control unit 12 checks if the secondary 

power source 22 is within range Y2 and is operational. The 
range Y2 is a broader acceptable range for the state of charge 
of the secondary power source 22. If the secondary power 
Source 22 is within range Y2 and is operational, then control 
is transferred to block 178 where switch sequence 2 of FIG. 8 
can be used to draw power from the secondary power source 
22 for time period t as determined by block 150, after which 
control is transferred back to block 28 of FIG. 3. If the sec 
ondary power source 22 is not within range Y2 or is not 
operational, then control is transferred to block 164 where no 
power is drawn from the primary or secondary power sources 
20, 22 after which control is transferred to block 28 of FIG.3. 
In alternative embodiments, additional operating ranges can 
be inserted between block 160 and block 164 based on State 
of Charge (SOC), temperature, or other criteria. 

FIG.9 illustrates an exemplary flow diagram for the charge 
subroutine 50 that can be used by the control circuit 12 for a 
three power unit system, such as the embodiment illustrated 
in FIG. 2 with an exemplary switch sequence illustrated in 
FIG. 13. The charge subroutine illustrated in the exemplary 
flow diagram of FIG.9 starts at block 352. 
At block 352, the control unit 12 checks whether the pri 

mary power source 20 is first priority for charging. If the 
primary power source 20 is first priority for charging, then 
control is transferred to block 370 where switch sequence 8 of 
FIG. 13 can be used to charge the primary power source 20 
while it is first priority for charging. When the primary power 
Source 20 is no longer first priority for charging, control is 
transferred back to block 28 of FIG. 3. After charging for a 
time period tas monitored by block 50, regardless of whether 
the primary power source 20 receives sufficient charging, 
control is passed to block 28 of FIG. 3. If the primary power 
Source 20 is not first priority for charging, control is passed to 
block 354. 
At block 354, the control unit 12 checks whether the sec 

ondary power source 22 is first priority for charging. If the 
secondary power source 22 is first priority for charging, then 
control is transferred to block 372 where switch sequence 9 of 
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FIG. 13 can be used to charge the secondary power source 22 
while it is first priority for charging. After charging for a time 
period tas determined by block 50, regardless of whether the 
secondary power source 22 receives sufficient charging, or 
when the secondary power source 22 is no longer first priority 
for charging, control is passed to block 28 of FIG. 3. If the 
secondary power source 22 is not first priority for charging, 
control is transferred to block 356. 

At block 356, the control unit 12 checks whether the ter 
tiary power source 24 is first priority for charging. If the 
tertiary power source 24 is first priority for charging, then 
control is transferred to block 374 where switch sequence 11 
of FIG. 13 can be used to charge the tertiary power source 24 
while it is first priority for charging. After charging for a time 
period tas determined by block 50, regardless of whether the 
tertiary power source 24 receives sufficient charging, or when 
the tertiary power source 24 is no longer first priority for 
charging, control is passed to block 28 of FIG.3. If the tertiary 
power source 24 is not first priority for charging, control is 
transferred to block 358. 

At block 358, the control unit 12 checks whether the pri 
mary power source 20 is second priority for charging. If the 
primary power source 20 is second priority for charging, then 
control is transferred to block 376 where switch sequence 8 of 
FIG. 13 can be used to charge the primary power source 20 
while it is second priority for charging. When the primary 
power source 20 is no longer second priority for charging, 
control is transferred back to block 28 of FIG. 3. After charg 
ing for a time period tas determined by block 50, regardless 
of whether the primary power source 20 receives sufficient 
charging, control is passed to block 28 of FIG. 3. If the 
primary power source 20 is not second priority for charging, 
then control is transferred to block 360. 

At block 360, the control unit 12 checks whether the sec 
ondary power source 22 is second priority for charging. If the 
secondary power source 22 is second priority for charging, 
then control is transferred to block 378 where switch 
sequence 9 of FIG. 13 can be used to charge the secondary 
power source 22 while it is second priority for charging. 
When the secondary power Source 22 is no longer second 
priority for charging, control is transferred back to block 28 of 
FIG. 3. After charging for a time period t as determined by 
block 50, regardless of whether the secondary power source 
22 receives Sufficient charging, control is passed to block 28 
of FIG. 3. If the secondary power source 22 is not second 
priority for charging, then control is transferred to block 362. 

At block 362, the control unit 12 checks whether the ter 
tiary power source 24 is second priority for charging. If the 
tertiary power source 24 is second priority for charging, then 
control is transferred to block 380 where switch sequence 11 
of FIG. 13 can be used to charge the tertiary power source 24 
while it is second priority for charging. When the tertiary 
power source 24 is no longer second priority for charging, 
control is transferred back to block 28 of FIG. 3. After charg 
ing for a time period tas determined by block 50, regardless 
of whether the tertiary power source 24 receives sufficient 
charging, control is passed to block 28 of FIG.3. If the tertiary 
power source 24 is not second priority for charging, then 
control is transferred to block 364 where the trickle charge 
routine (described below with reference to FIG. 10) is 
executed after which control is transferred to block 28 of FIG. 
3. 

Additional charging priorities and charging routines can be 
added to the exemplary control flow diagram in FIG. 9 
depending on the various power/storage unit characteristics 
available to the system. 
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FIG. 10 illustrates an exemplary flow diagram for the 

trickle charge routine that can be used by the control circuit 12 
for a three power unit System, Such as the embodiment illus 
trated in FIG.2 with an exemplary switch sequence illustrated 
in FIG. 13. The trickle charge routine illustrated in the exem 
plary flow diagram of FIG. 10 starts at block 380. 
At block 380, the control unit 12 checks whether the pri 

mary power source 20 has priority Tindicating trickle charge. 
If the primary power source 20 does not have priority T, then 
control is transferred to block 382. If the primary power 
source 20 has priority T, then control is transferred to block 
390 where switch sequence 8 of FIG. 13 can be used to charge 
the primary power source 20. After the predetermined time t 
as determined by block 50, control is transferred to block 382. 
At block 382, the control unit 12 checks whether the sec 

ondary power Source 22 has priority T indicating trickle 
charge. If the secondary power source 22 does not have pri 
ority T, then control is transferred to block 384. If the second 
ary power source 22 has priority T, then control is transferred 
to block 392 where switch sequence 9 of FIG. 13 can be used 
to charge the secondary power source 22. After the predeter 
mined time tas determined by block 50, control is transferred 
to block 384. 
At block 384, the control unit 12 checks whether the ter 

tiary power source 24 has priority T indicating trickle charge. 
If the tertiary power source 24 does not have priority T, then 
control is transferred to block 28 of FIG. 3. If the tertiary 
power source 24 has priority T, then control is transferred to 
block 394 where switch sequence 11 of FIG. 13 can be used 
to charge the tertiary power source 24. After the predeter 
mined time tas determined by block 50, control is transferred 
to block 28 of FIG. 3. 

FIG. 11 illustrates an exemplary flow diagram for the high 
power routine that can be used by the control circuit 12 for a 
three power source system, such as the embodiment illus 
trated in FIG.2 with an exemplary switch sequence illustrated 
in FIG. 13. The highpower routine illustrated in the exem 
plary flow diagram of FIG. 11 starts at block 302. 
At block 302, the control unit 12 checks whether all three 

of the power sources 20, 22 and 24 are within the highpower 
operating range. If all three power sources 20, 22 and 24 are 
within the highpower operating range, control is passed to 
block 310. If any of power sources 20, 22 and 24 are not 
within the highpower operating range, control is passed to 
block 304. 
At block 310, switch sequence 7 of FIG. 13 can be used to 

transfer power from all three power sources 20, 22 and 24 to 
the load 26 while all three power sources 20, 22 and 24 are 
within the highpower SOC, and the load data is within param 
eters, and for up to a predetermined time tas determined by 
block 100, after which control is passed to block 28 of FIG.3. 
At block 304, the control unit 12 checks whether both the 

primary power source 20 and the secondary power source 22 
are within the highpower operating range. If both power 
Sources 20 and 22 are within the highpower operating range, 
control is passed to block 312. If either of power sources 20, 
22 are not within the highpower operating range, control is 
passed to block 306. 
At block 312, switch sequence 3 of FIG. 8 can be used to 

transfer power from both the primary power source 20 and the 
secondary power source 22 to the load 26 while both power 
sources 20, 22 are within the highpower SOC, and the load 
data is within parameters. After the highpower request ends, 
or after a predetermined time tas determined by block 100, or 
when either power source 20, 22 falls outside the highpower 
SOC, or when the load data falls outside parameters, control 
is passed to block 28 of FIG. 3. 
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At block 306, the control unit 12 checks whether both the 
primary power source 20 and the tertiary power source 24 are 
within the highpower operating range. If both power sources 
20 and 24 are within the highpower operating range, control 
is passed to block 314. If either of power sources 20, 24 are 5 
not within the highpower operating range, control is passed to 
block 308. 

At block 314, switch sequence 5 of FIG. 13 can be used to 
transfer power from both the primary power source 20 and the 
tertiary power source 24 to the load 26 while both power 10 
sources 20, 24 are within the highpower SOC, and the load 
data is within parameters. After the highpower request ends, 
or after a predetermined time tas determined by block 100, or 
when either power source 20, 24 falls outside the highpower 
SOC, or when the load data falls outside parameters, control 15 
is passed to block 28 of FIG. 3. 

At block 308, the control unit 12 checks whether both the 
secondary power Source 22 and the tertiary power Source 24 
are within the highpower operating range. If both power 
Sources 22 and 24 are within the highpower operating range, 20 
control is passed to block 316. If either of power sources 22, 
24 are not within the highpower operating range, control is 
passed to block 28 of FIG.3. 

At block 316, switch sequence 6 of FIG. 13 can be used to 
transfer power from both the secondary power source 22 and 25 
the tertiary power source 24 to the load 26 while both power 
sources 22, 24 are within the highpower SOC, and the load 
data is within parameters. After the highpower request ends, 
or after a predetermined time tas determined by block 100, or 
when either power source 22, 24 falls outside the highpower 30 
SOC, or when the load data falls outside parameters, control 
is passed to block 28 of FIG. 3. 

FIG. 12 shows an exemplary embodiment of a flow dia 
gram for the power routine 150 that can be used by the control 
unit 12 for a three power source system, such as the embodi- 35 
ment illustrated in FIG. 2 with an exemplary switch sequence 
illustrated in FIG. 13. The power routine is called from FIG. 
3, and starts at block 352 in FIG. 12. 
At block 352, the control unit 12 checks if the primary 

power source 20 is within range X1 and is operational. The 40 
range X1 is the desired range for the state of charge (SOC) of 
the primary power source 20. If the primary power source is 
within range X1 and is operational, then control is transferred 
to block 370 where switch sequence 1 of FIG. 13 can be used 
to draw power from the primary power source 20 for time 45 
period t as determined by block 150, after which control is 
transferred back to block 28 of FIG. 3. If the primary power 
Source 20 is not within range X1 or is not operational, then 
control is transferred to block 354. 
At block 354, the control unit 12 checks if the secondary 50 

power source 22 is within range X2 and is operational. The 
range X2 is the desired range for the state of charge of the 
secondary power source 22. If the secondary power source 22 
is within range X2 and is operational, then control is trans 
ferred to block372 where switch sequence 2 of FIG. 13 can be 55 
used to draw power from the secondary power source 22 for 
time period tas determined by block 150, after which control 
is transferred back to block 28 of FIG. 3. If the secondary 
power source 22 is not within range X2 or is not operational, 
then control is transferred to block 356. 60 

At block 356, the control unit 12 checks if the tertiary 
power source 24 is within range X3 and is operational. The 
range X3 is the desired range for the state of charge of the 
tertiary power source 24. If the tertiary power source 24 is 
within range X3 and is operational, then control is transferred 65 
to block 374 where switch sequence 4 of FIG. 13 can be used 
to draw power from the tertiary power source 24 for time 

22 
period t as determined by block 150, after which control is 
transferred back to block 28 of FIG. 3. If the tertiary power 
Source 24 is not within range X2 or is not operational, then 
control is transferred to block 358. 
At block 358, the control unit 12 checks if the primary 

power source 20 is within range Y1 and is operational. The 
range Y1 is a broader acceptable range for the state of charge 
of the primary power source 20. If the primary power source 
20 is within range Y1 and is operational, then control is 
transferred to block 376 where switch sequence 1 of FIG. 13 
can be used to draw power from the primary power source 20 
for time period t as determined by block 150, after which 
control is transferred back to block 28 of FIG. 3. If the pri 
mary power source is not within range Y1 or is not opera 
tional, then control is transferred to block 360. 
At block 360, the control unit 12 checks if the secondary 

power source 22 is within range Y2 and is operational. The 
range Y2 is a broader acceptable range for the state of charge 
of the secondary power source 22. If the secondary power 
Source 22 is within range Y2 and is operational, then control 
is transferred to block 378 where switch sequence 2 of FIG. 
13 can be used to draw power from the secondary power 
source 22 for time period t as determined by block 150, after 
which control is transferred back to block 28 of FIG. 3. If the 
secondary power source 22 is not within range Y2 or is not 
operational, then control is transferred to block 362. 
At block 362, the control unit 12 checks if the tertiary 

power source 24 is within range Y3 and is operational. The 
range Y3 is a broader acceptable range for the state of charge 
of the tertiary power source 24. If the tertiary power source 24 
is within range Y3 and is operational, then control is trans 
ferred to block 380 where switch sequence 4 of FIG. 13 can be 
used to draw power from the tertiary power source 24 for time 
period t as determined by block 150, after which control is 
transferred back to block 28 of FIG. 3. If the tertiary power 
Source 24 is not within range Y3 or is not operational, then 
control is transferred to block 464 where no power is drawn 
from the primary, secondary or tertiary power sources 20, 22. 
24 after which control is transferred to block 28 of FIG. 3. In 
alternative embodiments, additional operating ranges can be 
inserted between block 362 and block 464. 

While exemplary embodiments incorporating the prin 
ciples of the present invention have been disclosed herein 
above, the present invention is not limited to the disclosed 
embodiments. Instead, this application is intended to cover 
any variations, uses, or adaptations of the invention using its 
general principles. Further, this application is intended to 
cover Such departures from the present disclosure as come 
within known or customary practice in the art to which this 
invention pertains. 
We claim: 
1. A method for transferring energy to and from a load 

using an energy transfer circuit comprising a first capacitor, a 
second capacitor, an inductor, a first Switch between the 
inductor and the first capacitor, a second Switch between the 
inductor and the second capacitor, and a control unit, the 
method comprising: 

connecting the load in parallel with the first capacitor of the 
energy transfer circuit; 

connecting a primary energy source having a first Voltage 
in parallel with the first capacitor of the energy transfer 
circuit; 

connecting a secondary energy source having a second 
Voltage in parallel with the second capacitor of the 
energy transfer circuit; 

communicating status information from the primary 
energy source to the control unit; 
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communicating status information from the secondary 
energy source to the control unit; 

communicating energy requests from the load to the con 
trol unit; 

controlling the opening and closing of the first Switch and 
the second Switch using the control unit; 

responding to charging currents from the load; 
responding to power demands from the load; 
responding to energy requests for the primary energy 

Source and the secondary energy source; and 
keeping the first Switch and the second Switch open unless 

responding to the charging currents, power demands or 
energy requests from the load, the primary energy 
Source or the secondary energy source; 

wherein responding to charging currents from the load 
comprises: 
determining whether either of the primary energy source 

or the secondary energy source has a charge priority; 
charging the primary energy source when the primary 

energy source has the highest charge priority; 
charging the secondary energy source when the second 

ary energy source has the highest charge priority; 
running a trickle charge routine when neither of the 

primary energy source or the secondary energy source 
has the charge priority; 

discontinuing the response to the charging current from 
the load when the charging current ceases; and 

discontinuing the response to the charging current from 
the load after a limited time. 

2. The method of claim 1, wherein charging the primary 
energy source comprises: 

keeping the first and second Switches open to charge the 
primary energy source with power from the load. 

3. The method of claim 1, wherein the energy transfer 
circuit further comprises a second diode in parallel with the 
second Switch, the second diode biased to conduct current 
from the inductor towards the second capacitor, and charging 
the secondary energy source comprises: 

closing the first Switch and keeping the second Switch open 
to charge the inductor with power from the load; 

then opening the first Switch and discharging the inductor 
through the second diode to charge the secondary energy 
Source: 

then repeating these steps at a desired frequency to charge 
the secondary energy source. 

4. The method of claim3, wherein charging the secondary 
energy source further comprises the following steps to be 
repeated as part of the repeating step: 

closing the second Switch after opening the first Switch and 
discharging the inductor through the second Switch to 
charge the secondary energy source: 

then opening the second Switch and continuing to dis 
charge the inductor through the second diode to charge 
the secondary energy source. 

5. A method for transferring energy to and from a load 
using an energy transfer circuit comprising a first capacitor, a 
second capacitor, an inductor, a first Switch between the 
inductor and the first capacitor, a second Switch between the 
inductor and the second capacitor, and a control unit, the 
method comprising: 

connecting the load in parallel with the first capacitor of the 
energy transfer circuit; 

connecting a primary energy source having a first Voltage 
in parallel with the first capacitor of the energy transfer 
circuit; 
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connecting a secondary energy source having a second 

Voltage in parallel with the second capacitor of the 
energy transfer circuit; 

closing the first Switch to put the primary energy source in 
parallel with the inductor and to transfer energy between 
the primary energy source and the inductor, 

closing the second Switch to put the secondary energy 
source in parallel with the inductor and to transfer 
energy between the secondary energy source and the 
inductor, 

communicating status information from the primary 
energy source to the control unit; 

communicating status information from the secondary 
energy source to the control unit; 

communicating energy requests from the load to the con 
trol unit; 

controlling the opening and closing of the first Switch and 
the second Switch using the control unit; 

responding to charging currents from the load; 
responding to power demands from the load; 
responding to energy requests for the primary energy 

Source and the secondary energy source; and 
keeping the first Switch and the second Switch open unless 

responding to the charging currents, power demands or 
energy requests from the load, the primary energy 
Source or the secondary energy source; 

wherein responding to power demands from the load com 
prises: 
determining whether the power demand is a multiple 

Source power demand or a single source power 
demand; 

executing a highpower routine when the power demand 
is the multiple source power demand; and 

executing a single unit power routine when the power 
demand is the single source power demand; and 

wherein executing a highpower routine comprises: 
determining whether the primary energy source is in a 

primary highload operating range; 
determining whether the secondary energy source is in a 

secondary highload operating range; 
transferring power from both the primary and secondary 

energy sources to the load when the primary energy 
Source is in the primary highload operating range and 
the secondary energy source is in the secondary high 
load operating range; 

monitoring the state of charge of the primary and sec 
ondary energy sources; 

discontinuing the highpower routine when the primary 
energy source goes outside the primary highload 
operating range; 

discontinuing the highpower routine when the second 
ary energy source goes outside the secondary high 
load operating range; 

discontinuing the highpower routine when the power 
demand ceases; and 

discontinuing the highpower routine after a limited time. 
6. The method of claim 5, wherein the energy transfer 

circuit further comprises a first diode in parallel with the first 
switch, the first diode biased to conduct current from the 
inductor towards the first capacitor, a second diode in parallel 
with the second switch, the second diode biased to conduct 
current from the inductor towards the second capacitor; and 
transferring power from both the primary and secondary 
energy sources to the load comprises: 

providing power to the load from the primary energy 
Source regardless of the positions of the first and second 
Switches; 
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closing the second Switch and keeping the first Switch open 
to charge the inductor with power from the secondary 
energy Source: 

opening the second Switch and discharging the inductor 
through the first diode to charge the load; 

closing the first Switch after opening the second Switch and 
discharging the inductor through the first Switch to 
charge the load; 

opening the first Switch and continuing to discharge the 
inductor through the first diode to charge the load; and 

repeating these four steps at a desired frequency to charge 
the load. 

7. A method for transferring energy to and from a load 
using an energy transfer circuit comprising a first capacitor, a 
second capacitor, an inductor, a first Switch between the 
inductor and the first capacitor, a second Switch between the 
inductor and the second capacitor, and a control unit, the 
method comprising: 

connecting the load in parallel with the first capacitor of the 
energy transfer circuit; 

connecting a primary energy source having a first Voltage 
in parallel with the first capacitor of the energy transfer 
circuit; 

connecting a secondary energy source having a second 
Voltage in parallel with the second capacitor of the 
energy transfer circuit; 

closing the first Switch to put the primary energy source in 
parallel with the inductor and to transfer energy between 
the primary energy source and the inductor; 

closing the second Switch to put the secondary energy 
source in parallel with the inductor and to transfer 
energy between the secondary energy source and the 
inductor; 

communicating status information from the primary 
energy source to the control unit; 

communicating status information from the secondary 
energy source to the control unit; 

communicating energy requests from the load to the con 
trol unit; 

controlling the opening and closing of the first Switch and 
the second Switch using the control unit; 

responding to charging currents from the load; 
responding to power demands from the load; 
responding to energy requests for the primary energy 

Source and the secondary energy source; and 
keeping the first Switch and the second Switch open unless 

responding to the charging currents, power demands or 
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26 
energy requests from the load, the primary energy 
Source or the secondary energy source; 

wherein responding to power demands from the load com 
prises: 
determining whether the power demand is a multiple 

Source power demand or a single source power 
demand; 

executing a highpower routine when the power demand 
is the multiple source power demand; and 

executing a single unit power routine when the power 
demand is the single source power demand; and 

wherein executing a single unit power routine comprises: 
determining an operating condition of the primary 

energy Source, 
determining an operating condition of the secondary 

energy Source, 
transferring power from the primary energy source to the 

load when the primary energy source is in as good or 
better operating condition than the secondary energy 
Source: 

transferring power from the secondary energy source to 
the load when the secondary energy source is in better 
operating condition than the primary energy source; 

discontinuing the single unit power routine when the 
power demand ceases; and 

discontinuing the single unit power routine after a lim 
ited time. 

8. The method of claim 7, wherein the energy transfer 
circuit further comprises a first diode in parallel with the first 
switch, the first diode biased to conduct current from the 
inductor towards the first capacitor, a second diode in parallel 
with the second switch, the second diode biased to conduct 
current from the inductor towards the second capacitor; and 
transferring power from the secondary energy source to the 
load comprises: 

closing the second Switch and keeping the first Switch open 
to charge the inductor with power from the secondary 
energy Source: 

opening the second Switch and discharging the inductor 
through the first diode to power the load; 

closing the first Switch after opening the second Switch and 
discharging the inductor through the first Switch to 
power the load; 

opening the first Switch and continuing to discharge the 
inductor through the first diode to power the load; and 

repeating these four steps at a desired frequency to charge 
the load. 


